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Rutherford backscattering and channeling spectrometry (RBS/C) as well as transmission electron micros-
copy (TEM) are used to characterize the crystalline structure of a GaN layer grown on a Si (111) substrate.
The channelingmeasurements are performed along the off-normal h1213i axis in the f1010g plane of the
GaN layer. The threading edge dislocation defect density obtained from RBS/C is quantitatively compared
to the results obtained from TEM. The strain is found not to be completely relaxed, eT– 0, in spite of the
large thickness of the GaN layer (3.0 lm), and in spite of the incorporation of various buffer layers.
 2014 Elsevier B.V. All rights reserved.1. Introduction
The quest for clean energy technology has led to an active field
of research in opto-electronic, high-power, and high-frequency
devices [1,2]. The III–V nitrides are considered to be promising
materials for this purpose. Further, the growth of GaN on silicon
has become a very active field of research, particularly for the
applications in solid state lighting (LEDs) and high-power electron-
ics [3–7]. The considerable interest in the choice of Si as a substrate
is motivated by its low cost and the potential device processing
and integration in well-established Si processes [8–10]. Thin films
of GaN conventionally are deposited through molecular beam
epitaxy (MBE) or metal–organic vapor phase epitaxy (MOVPE) [11].
However, the growth of device-quality GaN films onto Si substrates
is, compared to the growth on sapphire and SiC substrates, more
challenging because of the larger lattice and thermal mismatch
(17% and 56%, respectively). In particular, the different in-plane
thermal expansion coefficient of GaN as compared to Si leads to
a large tensile stress and cracks, and a high density of dislocations
develop in thick GaN layers during the cooling from the growth
temperature (1100–1200 C) to room temperature. The disloca-
tions degrade the device performance and life time substantially
[12–14]. In the continuous effort to optimize the growth conditionsand to improve the material growth, one requires quantitative
monitoring of the amount of defects. Apart from measuring the
dislocation density, knowledge of the strain depth profile and layer
composition is also important for the device optimization. The RBS/
C method yields a surface sensitive strain profile of the upper
600 nm, which is the active region of the device.
Rutherford backscattering spectrometry (RBS) in combination
with ion channeling (RBS/C) is a valuable approach because of its
unique sensitivity to the mass, to the depth, and to the type of
defects separately (i.e. point defects, dislocations, stacking faults
or defect clusters) [15]. As defects produce distortions in the
crystalline lattice, they affect the trajectory of channeled particles
and lead to a dechanneling of the incident particles. A quantitative
estimation of the defect density (ND) can be obtained from the
amount of dechanneling at a particular depth i.e. the dechanneling
probability dPdz
 
[16–19]. The minimum detectable dislocation
density by RBS/C is 104 cm1 (approximately 109 lines/cm2) [20].
Further, the nature of the defects may be deduced from the energy
dependence of the dechanneling probability [15]. Finally, from an
angular scan around an off-normal axis, the tetragonal distortion
(hence the elastic strain) may be deduced [9].
Whereas Fong et al. [18] and Sathish et al. [19] used the
dechanneling method to study the defects in GaN and AlGaN/
GaN on sapphire, so far, no RBS/C study has addressed the defects
of GaN on Si. We compare the defect density of GaN on Si obtained
from RBS/C with the defect density deduced from plan-view
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study the energy dependence of the dechanneling probability and
its relation to the type of defects for GaN on Si. Finally, we deter-
mine the elastic strain in the epilayer as a function of depth.Fig. 2. Dark field cross-sectional STEM image showing the whole layer of stack. The
defects are seen extending from the Si buffer layer up to the GaN surface.2. Sample preparation
The sample used for this study is a stack of 2500 nm n-GaN/
500 nm u-GaN/400 nm Al0.25Ga0.75N/400 nm Al0.5Ga0.5N/400 nm
Al0.75Ga0.25N/200 nm AlN grown on Si (111) by MOVPE. The inset
in Fig. 1 represents a schematic cross section of the sample show-
ing the various layers. The growth conditions and the calculation of
the composition of the layers is calculated as described elsewhere
[11].
High resolution X-ray diffraction (HRXRD) was carried out with
monochromatic Cu Ka1 X-rays (k = 0.154056 nm) using a Bruker
D8-discover system with angular resolution better than 0.005,
equipped with a Ge (220) monochromator. Fig. 1 shows the sym-
metric HRXRD h–2h scan of the sample. The characteristic diffrac-
tion peak of Si (111) at 2h = 28.5, as well as the diffraction peak
for GaN at 2h = 34.69 for (0002) planes is recognized. This obser-
vation confirms the hexagonal phase of the deposited GaN layer
[21]. The satellite peaks to the right of the GaN diffraction peak cor-
respond to the various buffer layers, as indicated in the figure. XRD
possibly might be employed to investigate the strain profile in the
buffer layers. However, since the electrically active layers are close
to the surface, the strain in the buried layers is not the main subject
of the present study.3. Microstructural characterization by TEM
The microstructure of the sample is investigated by cross-
sectional transmission electron microscopy (TEM) and scanning
TEM (STEM) using a 300KV Tecnai F30. Fig. 2 shows the cross-
sectional dark field STEM micrograph (XSTEM) of the film grown
on Si (111). As can be seen in Fig. 2, the structure consists of a
200-nm-thick AlN nucleation layer with three 400-nm-thick AlGaN
intermediate layers, along with a 3 lm thick GaN layer. The
majority of defects in the GaN film are dislocations resulting from
the misfit strain introduced by the lattice mismatch between theFig. 1. Symmetric h–2h scan of the sample illustrating the Si (111) diffraction at
2h = 28.5 and the GaN (0002) reflection at 34.69. (Inset) Schematic representation
of the layer structure.epilayer and the substrate. The nature of the defects or dislocations
is studied by TEM on both cross-sectional and plan-view speci-
mens under two beam conditions to satisfy the Bragg condition
such that the scalar product between the reciprocal lattice vector
g and the Burgers vector b is nonzero (i.e. g.b– 0). A significant
reduction of dislocations is observed at the AlGaN/GaN interface,
whereas a higher density of defects is present in the lowest
AlN/AlGaN interface. Many dislocations are found to be extinct
(images not shown here) for reflection g = (0002), therefore these
are likely threading edge dislocations (TD). The defects which are
not extinct in g = (0002) reflection are found to be extinct for
g ¼ ð2 1 10Þ reflections. Therefore, it may be concluded that the
defects are threading screw dislocations. The gradual reduction
of density of defects from the Si/AlN interface up to the GaN
surface corresponds to strain relaxation.
A dark field plan-view-TEM (PVTEM) image taken near the top
surface of the GaN film is shown in Fig. 3(a). Defects that extend
from the interfaces to the top surface of the film are identified here
as pits and dot like structures. The majority of the defects are found
to be edge-type, with a Burgers vector 13 h11 20i. This observation is
in line with earlier reports [22]. From the PVTEM images, the
threading edge dislocation density is calculated by counting the
number of dislocations over different image areas and results in
1.8  109 cm2. The threading dislocations are randomly distrib-
uted. From the analysis of a large set of pairs of dislocations (see
Fig. 3(b)), the mean dislocation spacing of 141(10) nm is obtained.4. Dislocation density study by RBS/C
Rutherford backscattering experiments are carried out using a
collimated He+ beam with an energy varying from 0.9 to 3.0 MeV
delivered from a 2.0 MV (6SDH, NEC) Pelletron. The solid angle
of the PIPS detector used is 0.42 msr placed at a backscattering
angle of 170. The sample is mounted on a high-precision
(±0.005) computer-controlled 5-axis goniometer [23]. Channeling
spectra are acquired along the normal h0001i and the off-normal
h1 213i axes.
Fig. 4 shows the RBS spectra with random and aligned beam
incidence for the two different axial channeling conditions using
2 MeV He+ incident energy. The inset shows the geometry used
in the backscattering measurements. The h0001i aligned spectrum
shows a vmin = 1.8%, indicating that the GaN layer on Si (111) has a
Fig. 3. (a) 2-Beam bright field plan view with gð10 10Þ with sample near [0001]
zone axis, showing randomly distributed threading dislocations. (b) Distribution of
the dislocation spacing between the dislocations.
Fig. 4. RBS spectra using 2 MeV He+ incident energy in the random geometry (black
line) and aligned with the h0001i axis (red dots) and h1 213i axis (purple dots). The
label Ga in the figure indicates the energy of the He+ ions backscattered from the Ga
atoms at the surface. The inset shows the backscattering geometry at both
orientations. The depth scale corresponds to the condition of normal incidence. The
energy windows (w1 to w3) for the angular scans are indicated on the lower axis.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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spectrum along the off-normal h1 213i axis in comparison to the
normal h0001i axial condition. Interestingly, there is a clear differ-
ence in the slope (dechanneling rate) for both the axial channeling
directions. The off-normal axial channeling measurements show a
vmin = 9.2%, i.e. much larger than the minimum yield along the
h0001i normal axis direction. The distinct slope in the off-normal
aligned spectra results from the dechanneling by defects. Indeed,
the presence of edge type dislocations in the GaN layer does not af-
fect the normal axis channeling, yet it distorts the off-normal axis
channeling very much. This observation is in line with the TEM
observations, indicating that most of the threading dislocations
lie parallel to the h0001i axis of GaN.
Quéré [24] introduced an analytical model to calculate the
dechanneling probability. The probability of dechanneling per unit
depth is equal to the product of the dechanneling cross section per
unit length, rD, and the defect density ND [15–19]. The dechannel-
ing probability is related to the experimentally obtained minimum
yield, v, through:
dP
dz
¼ rDNDðzÞ ¼ ln 1 vD1 vV
 
: ð1ÞThe minimum yield is the ratio of the backscattering yield for
aligned to random beam incidence. vV is the minimum yield for a
defect-free crystal, whereas vD corresponds to the minimum yield
from the sample that contains defects.
The dechanneling probability dPdz is independent of energy for
stacking faults, it varies as E1/2 for dislocations (screw, edge or
mixed, misfit) [24–26], and varies as E1/2 to E1 for point defects
and defect clusters [15]. Thus the dependence of the dechanneling
probability on the incident ion energy gives us an indication of the
type of defects present in the sample. The energy dependence of
the dechanneling probability is shown in Fig. 5. It is convincingly
observed that dPdz
 
varies as E0.5. This proves that dechanneling
from dislocations is a dominant contribution to the dechanneling,
in agreement with the TEM results.
The quantification of the defect density is based on the dechan-
neling cross section rD. In the case of a dislocation, the dechannel-
ing cross section per unit length of the dislocation line is
considered as a characteristic width around the dislocation line
[24,25], calculated as:
rD ¼ abdEaZ1Z2e2
 1
2
ð2Þ
with a = 0.1587 Å, the Thomas–Fermi screening radius, b = the Bur-
gers vector normal to the dislocation line or axis, and d is the inter-
atomic spacing. The constant a depends on the dislocation type: a is
12.5, 4.5, and 7.5 for screw, edge and mixed dislocations, respec-
tively. In GaN, the common types of dislocations observed are: (i)
edge type with b ¼ 13 h11 20i, (ii) screw type with b = h0001i, and
(iii) mixed type with b ¼ 13 h11 23i with dislocation line h0001i
and slip plane {0001}. The majority of defects that penetrate
through the GaN film are edge type, with Burgers vectors equal to
1
3 h11 20i, having a magnitude of 0.32 nm [22].
In GaN, using the defect dechanneling width for an edge type
dislocation of rD = 2.4 nm at 1 MeV, we obtain a dislocation den-
sity of 2.3  105 cm1 at a depth of 500 nm below the surface, i.e.
a dislocation spacing of 87(10) nm. The deviations between the re-
sults from RBS/C and TEM for the dislocation spacing are believed
to be dominated by the approximations used for the calculation of
rD in the model of Quéré.
Fig. 5. (a) Energy dependence of the dechanneling probability (DP). The regression of DP versus E with DP = aEb yields a = 0.051(1) and b = 0.63(1). (b) The analysis of the
dechanneling probability as DP = aE0.5 yields a slope of a = 0.055(1).
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In order to study the elastic strain in the electrically active layer,
we probe the tetragonal distortion of the GaN epilayer along the
off-normal axis h1 213i with RBS. In the RBS measurements, the
sample is tilted in the ð10 10Þ plane and around the h1 213i axis
direction within a range of 4 with step size of 0.1. Three energy
windows (w1 – w3) in the RBS spectra are used to construct three
angular scans (depths mentioned in the Table 1) in order to find
the depth dependent elastic strain across the sample. The angular
scan corresponding to the energy window w1 is shown in Fig. 6.
One can calculate the angle between the h0001i axis and the
h1 213i axis at a depth of 131 nm of the GaN epilayer from theFig. 6. Angular scans along the GaN ð10 10Þ plane at a depth of 131 nm (w1). The
angle between the h0001i and the h1 213i is determined as hepi of 31.66.
Table 1
The depth dependence of the tetragonal strain (eT) of the GaN epilayer measured by
RBS/C.
Window W1 W2 W3
Depth (nm) 131 371 633
Dh (degrees) 0.071 0.082 0.089
eT (%) 0.28 ± 0.12 0.32 ± 0.12 0.35 ± 0.16results in Fig. 6. We find hepi ¼ tan1 aepicepi
 	
¼ 31:66 , with aepi the
in-plane lattice constant of the epilayer. This result is compared
to the values that are expected for bulk unstrained GaN:
ab ¼ 0:3189 nm, cb ¼ 0:5185 nm and hb ¼ tan1 abcb
 	
¼ 31:59 .
Therefore, Dh = hepi  hb = 0.078. The tetragonal distortion
eT ¼ Dhsin h: cos h ¼ 0:28%.
Table 1 lists the tetragonal distortion eT versus depth obtained
from the angular scans of the RBS/C measurements. It is noted that
the tetragonal distortion has a positive value (eT > 0), indicating a
tensile strain in the parallel direction and a compressive strain in
the perpendicular direction. The tetragonal distortion eT remains
almost constant, with little variation with depth from the surface
towards the interface. The nonzero value of eT can be related to
the XTEM image in Fig. 2, where one can observe the presence of
defects 1 lm below the GaN surface.
It was extrapolated byWu et al. [9] that a complete strain relax-
ation would occur if a GaN layer with a thickness of 2.8 lm were
grown directly on Si (111). In the present system, however, in spite
of the introduction of multiple buffer layers to reduce the interfa-
cial strains, the strain is observed to remain nonzero up to the sur-
face for a 3.0 lm GaN layer. This remarkable observation warrants
further investigations. A cross-check of samples from different
groups is recommended, which allows a comparison of epitaxy
parameters and analysis methods. Definitely, RBS/C is shown to
be a viable technique to probe the depth dependent strain in
GaN on Si. It would be valuable to complement the RBS/C strain
analysis of the top 500 nm with a detailed strain analysis of the
underlying layers using XRD.6. Summary
In summary, we study a 3.0 lm GaN layer on a Si (111) sub-
strate. We show that the GaN layer has a good crystalline quality.
The defect density of the sample is determined with RBS/C and
TEM. Besides, we use RBS/C to determine the strain in the epilayer.
The strain in the GaN layer is non-zero, which is not anticipated for
the present sample.Acknowledgments
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